Spinal cord evoked potentials (SCEPs) were recorded epidurally in 95 surgical cases of cervical and/or thoracic compressive myelopathy. Abnormal SCEPs occurred in 91 % of the patients with cervical myelopathy and in all with thoracic involvement at the levels suspected to be responsible for neurological damage. Abnormal SCEPs correlated significantly with the severity of spinal cord compromise and symptoms, such as myelopathy. It was not possible to predict postoperative neurological improvement on the basis of the preoperative SCEP findings alone, but better neurological improvement after surgery was closely associated with early recovery of intra-and postoperative SCEPs. Epidural SCEPs are therefore useful in making a level-specific diagnosis, especially in the patient with multilevel vertebral involvement, and in assessing the severity of neurological compromise and surgical outcome to some extent.
Introduction
A variety of neurophysiological tests have been used to assess spinal cord function. I -5 In assessing the neurological severity in compressive myelopathy and in making a level-specific diagnosis, especially in cases with multiple vertebral involvement in the cervicothor acic region, 6 -8 we have utilized primarily two electrodiagnostic tests: somatosensory cortical evoked potential (SEP) and epidural SCEP recording. Despite the technical problems and their invasiveness, SCEPs can be expected to clearly define the level of neurological compromise necessitating surgical decom pression, 9 -11 with the recorded signals being stable electrophysiologically. In this report, we studied the usefulness of epidural SCEP recording in assessing the level(s) of neurological compromise and prognostic value when performing decompressive surgery on patients with cervical and/or thoracic compressive myelopathy.
Patients and methods

Patients and neurological assessment
Spinal cord evoked potentials were recorded in 95 patients with neurologically and radiologically proven cervical and/or thoracic myelopathy who required surgical decompression at our University Medical
Correspondence: H Baba Centres. The 58 men and 37 women averaged 47 years of age (range: 27 to 85 years) at the time of admission. Of these, 64 patients had cervical myelo pathy, 28 had thoracic involvement, and 3 had profound paresis secondary to a wide range of cervical and thoracic compressive lesions. In accordance with the Ethical Committee Guidelines of the University Medical Centres, informed consent was obtained from all patients included prior to the testing. Forty-one patients agreed to continue testing during the post operative course, even while awake.
Forty-four patients had cervical spondylotic myelo pathy (single-level involvement, l3, multiple level, 31) and 20 had ossification of the posterior longitudinal ligament (OPLL) with multi segmental development in the cervical spine. The surgical approach, either anterior or posterior, or occasionally both, was decided primarily on the basis of findings from myelography and magnetic resonance imaging (MRI). Anterior decompression with fusion was indicated for a patient with a compressive lesion involving at most two vertebrae (n = 16). Osteoplastic laminoplasty was used in a patient with a lesion of more than three vertebrae (n = 23). Five patients underwent both procedures. All surgery in this series was performed by the senior two authors (HB and/or KT) using a uniform technique.
In 28 patients with thoracic myelopathy, 7 had OPLL, 8 had ossification of the ligamentum flavum, II had combined OPLL and ossification of the ligamentum flavum, and 2 had spondylosis. All patients with thoracic myelopathy had multilevel lesions involving an average of 3.2 vertebrae (2 to 8 vertebrae). The decompression area and surgical approach were essentially decided by the radiologic evidence of cord compression anteriorly, posteriorly, or from both directions, similar to an algorithm used in cervical spine disorders.
Preoperative neurological findings and follow-up results were evaluated using the Jaganese Orthopaedic Association (JOA) scoring system. 2 For patients with cervical myelopathy, the postoperative neurological improvement rate was determined by the following equation: (postoperative JOA score -preoperative JOA score)/ (17 -preoperative JOA score) x 100%. For patients with thoracic myelopathy, excluding assessment categories for upper extremity function (categories 1 and 3a; 6 points), the improvement rate was obtained similarly to the formula for the cervical spine, with a maximum score of 11 points. The results were assessed as excellent when the improvement rate was 75% or better, good for 50-74%, fair for 25-49%, and poor for 24% or worse. Patients were followed-up for an average 4.5 years (range, 1.2 to 7.8 years).
Epidural spinal cord evoked potential recording
Spinal cord evoked potentials were recorded directly from the dorsal epidural surface near the compressive lesions suspected to be responsible for myelo pathy. 1 3 -15 The recording modality was monopolar throughout the duration of the study. Ascending SeEPs, following stimulation of the lower thoracic spinal cord and descending SeEPs, following stimula tion of the cervical cord, were recorded to delineate the range of the cord damage cranially and caudally. The testing was conducted in the awake condition at first, but since 1991, we have performed testing after anaesthetic induction prior to surgery. The testing time was approximately 30 min at maximum. The stimulating and recording catheter electrodes (0.75 mm in diameter, UKG-100-2PMW, Unique Medical, Tokyo, Japan) were introduced at the level just distal to the compressive lesion through epidural needles (French size No. 17 or No. 18) using image intensifica tion. A five-pole recording electrode with 5-mm spacing was used to pick up signals from four different recording sites simultaneously for each test in order to reduce the testing time. The SeEP elicited from an absolutely intact level on imaging studies, near to the lesion, served as a control in each patient. We used DISA 1500 EMG equipment followed by a DISA Evomatic 8000 System (Dantec DISA, Scovlunde, Denmark). However, since 1991, a Mede1ec ER94 (A Vickers Healthcare, Woking, Surrey, UK) has been used in the operating room without any detectable alterations in the SeEP waveform. The stimulation protocol was as follows: intensity, supramaximal to the visible motor threshold ranging from 35 to 75 volts (4 to 11 rnA); frequency, 10 Hz; and duration of the Normal SeEPs, in the present study, consisted of an initial negative spike (NI) followed by a slow negative complex (N2) ( Figure I ). The amplitude of NI measured from the preceding small positive peak ranged 30 to 420 flV (n = 17), and N2, 10 to 120 flV (n = 13). Analysing changes seen in the amplitude of the N1 component, the SeEPs were conveniently graded as four subtypes: 1 3 · 14 Type I, normal or decreased amplitude up to 30% of the control; Type II, amplitude decrement of between 30% to 50%; Type III, amplitude decrement of more than 50% or disappearance of the NI wave; and Type IV, positive waves, i.e., spinal cord evoked injury potentials as designated by Schramm et al/ 6 Halter et al, 17 and
Prestor et al. 18 Types II, III, and IV are considered abnormal. Spinal cord evoked potentials recorded intraoperatively and serially postoperatively in 41 patients were classified into three groups with respect to the recovery in the amplitude of the SeEPs: group A, immediate recovery showing a Type I response following the decompression maneuver planned pre operatively; group B, SeEP recovery within 2 weeks postoperatively showing a Type I wave or a response improvement of least one grade (e.g., from a Type III to a Type II wave); and group e, no SeEP recovery up to 2 weeks postoperatively or any worsening. We studied the relationship among pre-and postoperative SeEPs, neurologic symptoms, and the neurologic improvement rate after surgery.
Statistical treatment
SeEP data were collected by two examiners among the authors (NK and YM) and were analysed statistically using an one-way layout ANOV A followed by Scheffe's multiple comparison (Nakayama Books, Tokyo, Japan) with the StatView II Program (Abacus Figure 2A and for thoracic involvement in Figure 2B , and a typical Type III wave seen in a patient with cervical OPLL myelopathy is illustrated in Figure 3 . In patients with cervical myelopathy alone, the mean lOA score in Type I was 13.2 ± 0.8 points (mean ± standard devia- (Figure 4 ). In patients with cervical myelopathy, the postoperative improvement rate averaged 79.3 ± 16.8% in group A (n=4), 58.9±13.3% in group B (n=5) and 47.4 ± 15.5% in group C (n= 11). Patients in groups B and C showed significantly less improvement as compared to those in group I. Cases with thoracic myelopathy also demonstrated a statistically signifi cant difference, with an average postoperative im provement rate of 82.3 ± 11.7% for group A (n = 5), 61.3± 14.4% for group B (n=9), and 43.9± 13.7% for group C (n = 7). The one case in group B in which SCEPs recovered 8 days after thoracic decompression is shown in Figure 5 ; the patient achieved an improvement of 59% postoperatively.
Discussion
In the treatment of patients with multiple level OPLL or spondylosis, it is particularly important to determine the severity of spinal cord compression prior to surgery. For this purpose, epidurally recorded SCEPs have proved helpful in the diagnostic localization of lesions that require decompression. 9 ,1 1 ,1 3 ,1 5 The authors believe that a localized conduction block secondary to cord compression is well demonstrated by an abnormal wave during epidural SCEP. The important character istics of SCEPs are as follows: ease of data acquisition, high reproducibility, consistency, and ease in identify ing abnormalities (amplitude incrementation and decrementation, and/or latency delay). When utilizing this test, however, it is particularly important to be aware of its technical requirements, the relative advantages over the other recording modalities and, of course, its limitations.
In compressive myelopathy, abnormal SCEPs are frequently elicited at the levels of the damaged spinal cord. 9 , 1 7 In fact, the present study showed that in total, 89 (94%) of 95 patients demonstrated abnormal SCEPs at the compressed levels diagnosed radiologi cally and neurologically responsible for the myelo pathy. For Types III (amplitude decrement of > 50% of controls) and IV (positive wave SCEPs), these abnormalities occurred in 78 (82%1. of all patients tested. In our previous studies, 7 ,1 3 , 4 we have con cluded that the levels at which Type III and IV abnormal responses are recognized should be abso lutely included in the decompression, but we are still uncertain whether to include levels with a Type II evoked response. When intending a C3 -C7 lamino pia sty or a thoracic laminectomy, this uncertainty is not as much of a problem because of the relative ease in extending the decompression, but when anterior surgery is indicated, there can be greater risks than when the decompression is �osteriorly performed. 1 9 -23 Our experimental studies 2 4 , 5 have indicated that the Type II response suggests spinal cord function at a subclinically critical level. Thus, with distinct evidence of a radiological abnormality such as subarachnoidal occlusion in myelograms and MRI signal changes within the spinal cord, the corresponding levels should be included in the area selected for decompression. It should always be appreciated that an apparently mild and longstanding compression with a Type II response may eventually result in severe damage to the spinal cord, leading to Type III and IV abnormalities. To date, however, we have been unable to reach a conclusion regarding inclusion of the levels for which a Type II response is recorded.
Although useful, epidural SCEPs are technically demanding and carry some potential risk for further damaging the already compromised spinal cord. For this reason, Kawahara et aP6 have started to utilize non-invasive cortical SEPs following median and ulnar nerve stimulation, to establish the diagnosis. They have suggested that median nerve-stimulated SEPs reflect the neurological pathology responsible at the C4-5 level and ulnar nerve-stimulated SEPs at the C6-7 level. We agree with the idea that an invasive test such as SCEP recording is replaced with the non invasive method of cortical SEPs. The present study was originally aimed primarily for determination of the compromised spinal cord level(s), and the post operative SCEP monitoring was by no means the necessary technique. For postoperative neurological assessment, the SEPs monitoring technique is abso lutely a recommended choice with regard to non invasiveness and electrophysiological stability in recording the evoked responses. Single-and two-level involvement do not always require invasive testing for diagnosis. However, for lesions suspected at three levels or more, or compressive lesions non-contigu ously existing in the cervical and thoracic spine, epidural SCEPs can suggest not only a level-specific diagnosis, but also aid in the selection of surgical procedurey, 2 7 We believe MRI offers precise informa tion regarding spinal cord compression, however, because of its high sensitivity in imaging, a clinically 'innocent' level not actually responsible for the neurologic compromise may be included in the decompressed areas. Therefore, we emphasize that the clinical significance of the SCEP testing lies in confirming the level-specific diagnosis and it can modify the choice of surgical procedures initially planned based upon the neurological examination and the imaging studies alone.
The present study demonstrates that preoperative neurological scores correlate with epidural SCEP abnormalities. Also, the degree of spinal cord functional compromise is related to the type of SCEP. However, we were unable to predict post operative neurological improvement on the basis of preoperative SCEP findings alone. Interestingly, a Type III or even a Type IV response did not necessarily predict an unfavourable surgical outcome. Patients with a Type III or a Type IV SeEP response preoperatively showed a trend for less improvement postoperatively, but not to a statistically significant degree. To date, we are unable to give any valid explanation as to why the preoperative SeEPs would not predict postoperative neurologic improvement. Interestingly, postoperative neurological improve ment correlated significantly with SeEP recovery intraoperatively and early following surgery. The improvement in neural transmission following decom pression may contribute to the seEP recovery. Recovery in the SeEPs, mainly in their amplitude and waveform configuration, highlights the appropri ateness of the surgical approach and decompression. It may be safely stated that early recovery in SeEPs predicts a better neurologic improvement following surgery. Furthermore, although we have never encountered a serious problem, SeEPs may be of value in reducing the risk of iatrogenic injury to the spinal cord during decompression. Anterior resection of large spondylotic spurs and ossified posterior longitudinal ligaments may carry potential risks for the spinal cord to be further damaged, especially when resecting the lesion anteriorly en bloc. 2 o . 2 7 If the SeEPs rapidly deteriorate during the decompressive manipulation, the surgical maneuver should be stopped immediately. However, a Type IV response cannot be monitored intraoperatively. On the other hand, cortical SEP is expected to be a better alternative for monitoring neurologic function post operatively. The recording of SEPs is non-invasive and easily reproducible with considerable sensitivity in Spinal cord evoked potentials in myelopathy H Baba et al assessing cord function. We have previously reported that the PII, P14, and N18 spike of median nerve SEPs have recovered well in relation to the degree of neurological improvement in patients who have undergone decompression surgeries for cervical OPLL myelopathy. 6 , 35 Latency and amplitude recoveries in these spikes during the early postoperative period, within 2 months of surgery, were later found to be prognostic signs of neurological improvement. This was similar to the experience of SeEPs. Each spike of an SEP is considerably smaller in amplitude than those of SeEPs and is sometimes difficult to be recognized during surgery. Therefore, an effort must be made to minimize the SEP artifact and to increase the electrophysiological stability as well as sensitivity. Postoperative monitoring using SeEPs may be useful as shown in the current study but, from a practical point of view, the SeEP monitoring technique is limited for a patient having multiple compressive lesions who should be examined for establishing the level-specific diagnosis and have postoperative neuro logical monitoring by cortical SEP recording.
Conclusions
The current study indicates that epidural SeEPs are beneficial in making a level-specific diagnosis, especially in patients with multilevel vertebral involvement. The preoperative SeEPs are less useful in predicting neurological prognosis, but to some extent, the early recovery of SeEPs predicts a more favourable surgical outcome.
